Mutation of the staphylococcal accessory regulator (sarA) in Staphylococcus aureus limits but does not abolish the capacity of the organism to form a biofilm. As a first step toward determining whether this limitation is therapeutically relevant, we carried out in vitro studies comparing the relative susceptibility of an S. aureus clinical isolate (UAMS-1) and its isogenic sarA mutant (UAMS-929) in the specific context of a catheter-associated biofilm. The antibiotics tested were daptomycin, linezolid, and vancomycin, all of which were evaluated by using concentrations based on the MIC defined as the breakpoint for a susceptible strain of S. aureus (<1.0, <2.0, and <4.0 g/ml for daptomycin, vancomycin, and linezolid, respectively). Mutation of sarA had no significant impact on the MIC of UAMS-1 for any of the targeted antibiotics, as defined by Etest antimicrobial susceptibility testing. However, mutation of sarA did result in a significant increase in antimicrobial susceptibility to all targeted antibiotics when they were tested in the specific context of a biofilm. Additionally, whether susceptibility was assessed by using UAMS-1 or its sarA mutant, daptomycin was found to be more effective against established S. aureus biofilms than either linezolid or vancomycin.
The single exception is the staphylococcal accessory regulator (sarA), the mutation of which has been shown to limit biofilm formation in both S. aureus and S. epidermidis (2, 7, 15, 25, 28, 31, 32, 33, 34, 37) . This is true with respect to both in vitro and in vivo models of biofilm formation (3, 6) . However, in no case has mutation of sarA eradicated biofilm formation. This suggests that the therapeutic relevance of any antibiofilm approach directed at sarA would be dependent on the ability to enhance conventional antimicrobial therapy. The studies reported here were aimed at addressing this possibility by determining whether the reduced capacity of an S. aureus sarA mutant to form a biofilm can be correlated with increased susceptibility to specific antibiotics in the context of an established, catheter-associated biofilm.
This protocol was empirically determined to provide the level of sonication required to remove all adherent bacteria without a significant loss of viability (6) . After sonication, 100-l aliquots of appropriately diluted samples were plated on tryptic soy agar without antibiotic selection. The total number of bacteria recovered from each catheter was then calculated on the basis of the number of colonies obtained and the corresponding dilution factor.
We employed the same the in vitro model to assess relative antimicrobial susceptibility, except that catheters containing established biofilms were removed after the initial overnight incubation, rinsed in PBS, and then transferred to fresh BM without antibiotics or BM containing daptomycin, vancomycin, or linezolid at concentrations corresponding to 5, 10, or 20 times the concentration defined as the breakpoint MIC for a sensitive strain of S. aureus (Յ1.0, Յ2.0, and Յ4.0 g/ml for daptomycin, vancomycin, and linezolid, respectively). In experiments with daptomycin, all BM, including that lacking antibiotic, was further supplemented with 2.5 mM CaCl 2 . Catheters exposed to each antibiotic at each dose (n ϭ 3) were recovered at daily intervals for 3 days and processed as described above.
Statistical analysis. The distribution of the bacterial count data was highly skewed and included multiple zero counts, which made it inappropriate to employ traditional parametric analysis (e.g., t test and analysis of variance [ANOVA] ). For this reason, these data were analyzed by using nonparametric tests and traditional parametric methods that employed permutation tests to calculate P values (14) . Specifically, Wilcoxon rank-sum tests were used to make comparisons between untreated samples, while Kolmogorov-Smirnov tests (8) were used to compare bacterial count distributions for the antibiotic-treated groups. We also performed ANOVA on the logarithmically transformed bacterial count data in order to evaluate the effect of the sarA mutation in the context of both antibiotic concentration and time of exposure. Using these ANOVA models, we were able to assess not only the effect of the sarA mutation but also any interaction between the effect of the mutation and antibiotic dose and/or time of exposure. The significance of the ANOVA test statistics were also calculated by using permutation tests (14) . When pairwise testing was appropriate, t tests were used for the logarithmically transformed data, with P values again being calculated by using permutation tests. All statistical analyses were performed by using the R program (version 2.7; The Foundation for Statistical Computing), with P values of Յ0.05 being considered significant.
RESULTS
Previous experiments employing both in vitro and in vivo models of biofilm formation have confirmed that mutation of sarA limits the ability of UAMS-1 to form a biofilm (2, 3) . However, we employed a different in vitro model in these experiments because it facilitated our ability to assess antimicrobial susceptibility, and for this reason, it was important that we first assess the impact of mutating sarA on biofilm formation in our catheter-based model of biofilm formation. The results confirmed that mutation of sarA limits but does not eradicate biofilm formation (Fig. 1) . Specifically, by comparison to the number of viable bacteria recovered from catheters colonized with the UAMS-1 parent strain, we observed a significant reduction in the number of viable bacteria recovered from catheters colonized with the UAMS-1 sarA mutant at all time points tested (P Յ 0.001). However, while the level of reduction was statistically significant, it was less than 1 log unit (3.34 ϫ 10 8 and 8.92 ϫ 10 7 , respectively, on day 3 of treatment). Moreover, the level of colonization remained essentially unchanged for both UAMS-1 and its sarA mutant throughout the 3-day treatment period (Fig. 1) .
To assess the clinical relevance of the impact of sarA on biofilm formation, we next assessed whether mutation of sarA increases the susceptibility of S. aureus to antibiotic therapy in the context of an established biofilm. Specifically, we employed our in vitro model of catheter-based biofilm formation to assess the relative susceptibilities of UAMS-1 and its isogenic sarA mutant to daptomycin, linezolid, and vancomycin. As assessed by Etest strip susceptibility testing, mutation of sarA had no impact on the MICs of any of these antibiotics for UAMS-1, with the MICs of daptomycin, linezolid, and vancomycin for both UAMS-1 and its sarA mutant being approximately 0.75, 1.00, and 1.50 g/ml, respectively (data not shown).
All antibiotics tested in these experiments were evaluated over time at multiple concentrations. However, to assess the overall impact of each antibiotic on the parent strain compared with that on its sarA mutant, we first analyzed the results solely on the basis of the strain rather than the antibiotic concentration or the time of exposure. That analysis confirmed that all three antibiotics had a greater impact on the biofilms formed by the sarA mutant than on the biofilms formed by the UAMS-1 parent strain. For instance, when catheters colonized with the sarA mutant were exposed to daptomycin, over 50% were found to have less than 100 CFU per catheter, while approximately 30% had no detectable bacteria ( Fig. 2A) . In contrast, when catheters colonized with UAMS-1 were exposed to daptomycin under the same conditions, less than 12% had less than 100 CFU per catheter and all were colonized at a detectable level ( Fig. 2A) . Statistical analysis confirmed the significance of these differences (P Ͻ 0.001) in terms of both the relative number of catheters colonized with Ͻ100 CFU and the number cleared of detectable bacteria.
In the case of vancomycin, 25% of the catheters colonized with the sarA mutant were cleared of detectable bacteria, while ϳ35% had less than 100 CFU/catheter (Fig. 2B) . In contrast, none of the catheters colonized with UAMS-1 were cleared by exposure to vancomycin, and ϳ90% were colonized with Ͼ100 CFU/catheter. With linezolid, 14% of the catheters colonized with a sarA mutant were cleared (Fig. 2C) ever, all of the catheters colonized with UAMS-1 and exposed to linezolid even at the highest concentration (20ϫ) and for the longest period of time tested (3 days) were colonized with at least 10 4 CFU (Fig. 2C ). This presumably reflects the fact that linezolid, unlike daptomycin and vancomycin, is bacteriostatic (23) . Nevertheless, these results demonstrate that the greatest impact of the sarA mutation on biofilm-associated susceptibility was with linezolid rather than either of the other antibiotics tested in these experiments. When the antibiotics were analyzed irrespective of the antibiotic concentration or the time of exposure, all three antibiotics were found to have a greater overall effect on the biofilms formed by the sarA mutant ( Fig. 2A to C) . However, we did observe both concentration and time-dependent effects in all cases. Not surprisingly, the greatest difference between the susceptibility of UAMS-1 and its sarA mutant with the lower 5ϫ concentrations was observed on day 3, while the greatest difference with the 20ϫ concentration was observed on day 1 ( Fig. 3A to C) . This was the most evident with daptomycin ( Fig. 3A) and vancomycin ( Fig. 3B ), both of which had a greater impact than linezolid on the clearing of catheter-associated biofilms ( Fig. 2A to C) . In contrast, the efficacy of linezolid was more dependent on the time of exposure than on the antibiotic concentration (Fig. 3C ). However, in all cases, statistical analysis confirmed that the biofilms formed by UAMS-1 were more resistant than those formed by its sarA mutant to daptomycin (P ϭ 0.001), vancomycin (P ϭ 0.003), and linezolid (P ϭ 0.025), even after accounting for the reduced ability of the sarA mutant to form a biofilm.
The results discussed above demonstrate that the mutation of sarA in S. aureus clinical isolate UAMS-1 limits biofilm formation and increases the susceptibilities of the bacteria within an established biofilm to daptomycin, vancomycin, and linezolid. To determine whether each antibiotic was equivalent in this regard, we carried out a comparison in which relative efficacy was evaluated not by comparison of the results for treated to those for untreated catheters but, rather, by comparison of the results obtained between antibiotics. Statistical analysis confirmed that daptomycin was more effective than vancomycin (P Յ 0.002) and linezolid (P Յ 0.001), irrespective of whether the comparison was based on UAMS-1 (Fig. 4A ) or its sarA mutant (Fig. 4B ). Vancomycin was also found to be more effective than linezolid, although in this case the effect was apparent with the wild-type strain (P ϭ 0.002) but not the sarA mutant (P ϭ 0.582). Given the results discussed above, this presumably reflects the greater impact of the sarA mutation on linezolid susceptibility rather than the absence of a correlation between the mutation of sarA and increased vancomycin susceptibility.
To further evaluate the relative efficacy of each antibiotic, we carried out additional analyses based on both the antibiotic concentration and the time of exposure. This was done independently for UAMS-1 and its isogenic sarA mutant. With respect to UAMS-1, we did not observe a significant difference with the 5ϫ antibiotic concentrations at any time point (Fig. 5) . However, after 1 day of exposure, daptomycin was found to be more effective than either vancomycin or linezolid at both the 10ϫ concentrations (P ϭ 0.0032) and the 20ϫ concentrations (P ϭ 0.0033). At the 10ϫ concentrations, daptomycin was also found to be more effective than either linezolid or vancomycin on both day 2 (P ϭ 0.0027) and day 3 (P ϭ 0.0027). The same was true with the 20ϫ concentration on day 2 (P ϭ 0.0051); however, on day 3, the efficacy of vancomycin was comparable to that of daptomycin, with both yielding colony counts signif-FIG. 2. Impact of sarA on overall antibiotic susceptibility. Graphs illustrate the overall distribution of count data obtained with individual catheters colonized with UAMS-1 (wild type [WT]) or its sarA mutant and exposed to daptomycin (A), vancomycin (B), or linezolid (C), irrespective of the antibiotic concentration or the time of exposure. The fact that all curves are shifted to the left demonstrates that the sarA mutant was more susceptible to all three antibiotics at all concentrations (5ϫ, 10ϫ, and 20ϫ) and at all time points tested (1, 2, and 3 days).
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The increased efficacy of daptomycin by comparison to the efficacies of both linezolid and vancomycin was most evident when comparisons of the results obtained with different concentrations of antibiotics were made. Specifically, on both day 1 and day 2, treatment with daptomycin resulted in significantly lower colony counts with a UAMS-1 biofilm even when the comparison was made between 10ϫ daptomycin and each of the other antibiotics at the 20ϫ concentration (Fig. 6) . The increased efficacy of daptomycin was also evident when the same analysis was done by focusing on biofilms formed by the UAMS-1 sarA mutant. In fact, statistically significant differences were observed even on day 1 with all antibiotic concentrations tested (Fig. 7) . However, on day 2, the only significant difference was observed with 20ϫ antibiotic concentrations (P ϭ 0.0072), and no significant differences were observed on day 3 at any concentration. The fact that very low colony counts were observed with all three antibiotics at all concentrations on day 3 (Fig. 7) indicates that the lack of an FIG. 3 . Concentration-and time-dependent impacts of sarA on antibiotic susceptibility. The results illustrate the count data obtained with daptomycin (A), vancomycin (B), and linezolid (C) as a function of the antibiotic concentration and the time of exposure with UAMS-1 (white bars) and its isogenic sarA mutant (gray bars). Each box defines the interquartile range between the 25th and 75th percentiles. Bars extending upward from each box indicate the boundary defined by values 1.5 times higher than the 75th percentile, while those extending downward represent the boundary defined by values 1.5 times lower than the 25th percentile. Open circles represent individual data points outside these two extremes. Statistical analysis confirmed that the sarA mutant was more susceptible than the parent strain to all three antibiotics to an extent that cannot be fully explained by the reduced capacity of the sarA mutant to form a biofilm (see the text). d1, d2, and d3, days 1, 2, and 3, respectively. on November 10, 2017 by guest http://aac.asm.org/ antibiotic-dependent difference further reflects the increased susceptibility of biofilms formed by a sarA mutant rather than the relative efficacy of the individual antibiotics. Further support for this hypothesis comes from the observation that daptomycin was found to a greater impact on day 1 at the 5ϫ concentration even by comparison to the impact of linezolid or vancomycin at 20ϫ concentrations (Fig. 8) .
DISCUSSION
The presence of a biofilm compromises antimicrobial therapy for the treatment of S. aureus infections, irrespective of issues related to acquired antibiotic resistance. As a first step toward determining whether inhibitors of sarA would offer a therapeutic advantage in this regard, we used an in vitro model to examine whether mutation of sarA in an S. aureus clinical isolate (UAMS-1) enhances the efficacy of antimicrobial therapy in the specific context of a biofilm. On the basis of the presumption that any effects that we observed might be dependent on the antibiotic under study, we examined this question using three different antimicrobial agents (daptomycin, linezolid, and vancomycin), all of which were chosen because they are primary antistaphylococcal agents that are active even against methicillin-resistant S. aureus (MRSA) strains, including community-acquired MRSA strains (1, 23) . Each antibiotic also has a different mode of action, with daptomycin being a membrane-active cyclic lipopeptide, linezolid being an inhibitor of protein synthesis, and vancomycin being an inhibitor of cell wall biosynthesis.
Although our choice of antibiotics was based in part on their activity against MRSA, we employed methicillin-sensitive strain UAMS-1 in these experiments on the basis of four considerations. First, it is a clinical isolate obtained by surgical biopsy directly from the bone from a patient with osteomyelitis (29). The count data obtained on days 1 and 2 for catheters colonized with UAMS-1 were exposed to daptomycin at a 10ϫ concentration (Dap10) were compared with those for catheters exposed to linezolid or vancomycin at a 20ϫ concentration (Lin20 and Van20, respectively). Each box defines the interquartile range between the 25th and 75th percentiles. Bars extending upward from each box indicate the boundary defined by values 1.5 times higher than the 75th percentile, while those extending downward represent the boundary defined by values 1.5 times lower than the 25th percentile. Open circles represent individual data points outside these two extremes. The numbers above each bar are P values obtained for comparisons made between daptomycin and each of the other antibiotics. This is relevant, in that osteomyelitis is one of the forms of S. aureus infection that is most definitively associated with the formation of a biofilm (5). Second, numerous studies have confirmed that UAMS-1 forms a robust biofilm both in vitro and in vivo (2, 3, 4, 6) . Third, UAMS-1 belongs to clonal complex 30 (CC30) (6) , and independent studies have confirmed that strains belonging to CC30 are among the most prominent clinical isolates of S. aureus and may even have an increased tendency to cause complicated hematogenous infections, including osteomyelitis (13) . Fourth, mutation of sarA has been shown to limit the capacity of UAMS-1 to form a biofilm in a manner comparable to that of other S. aureus clinical isolates, including MRSA (2). On the basis of these considerations, we are confident that the results that we report here represent clinically relevant observations both in the general context of S. aureus clinical isolates and in the specific context of an established S. aureus biofilm. Excluding the observation that mutation of sarA limits the ability of UAMS-1 to form a biofilm, which has been well established by using various other models of biofilm formation (2, 3, 6) , there are two primary conclusions from the results that we report. The first is that mutation of sarA results in increased antibiotic susceptibility in the specific context of an established biofilm. This was true of all antibiotics tested. More importantly, it was true even after the reduced capacity of the sarA mutant to form a biofilm was taken into account. The reasons for this are unclear, but one possible explanation is that biofilms formed by the sarA mutant are simply thinner or less dense. On the basis of the presumption that antibiotic penetration into the biofilm is one factor that contributes to its intrinsic resistance, the increased susceptibility of a sarA mutant could reflect the greater penetration of antibiotic into the bulk of bacterial cells within the biofilm rather than some inherent increase in susceptibility associated with mutation of sarA. This hypothesis is consistent with the observation that when susceptibility was measured by Etest, no change in the MIC of any of the antibiotics tested for the sarA mutant was observed. It is also consistent with a report indicating that the penetration of vancomycin into the deeper regions of an S. aureus biofilm is delayed, perhaps to the point that the bacteria in these regions have the opportunity to adapt in a manner that promotes some degree of intrinsic resistance (16) . Indeed, Szomolay et al. (31) proposed a model in which the ultimate outcome of exposure to an antibiotic is a race between the lethal effects of the antibiotic and the bacterium's ability to adapt, with the biofilm essentially slowing penetration to the point where this race is won by a larger proportion of the bacteria. In this context, mutation of sarA could in effect limit this delay and thereby provide S. aureus with less of an opportunity to initiate an effective adaptive response.
There are several possible explanations for why a biofilm formed by a sarA mutant might differ from biofilms formed by wild-type strains. For instance, mutation of sarA has been shown to result in reduced amounts of the polysaccharide intercellular adhesion (3) and increased amounts of extracellular enzymes, including nuclease (36), with the latter being relevant, in that DNA was recently shown to contribute to the extracellular matrix of a UAMS-1 biofilm (27) . Mutation of sarA also results in the increased production of several extracellular proteases (6, 36) . Increased protease production has been associated with a decreased capacity to bind to fibronectin (4, 17) , and to the extent that fibronectin binding could potentially contribute to both the attachment and the accumulation phases of biofilm formation, this could also result in biofilms that are thinner and/or less structured and thus more susceptible to antibiotic penetration.
An alternative explanation for our results is that mutation of sarA limits the adaptive response of S. aureus, irrespective of whether it has any impact on antibiotic penetration. This is consistent with the observation that mutation of sarA results in global changes in gene expression, many of which involve genes that are also differentially expressed in a biofilm (3, 6) . These include numerous genes involved in central metabolic processes. Hence, sarA mutants may simply be less fit and therefore less able to withstand the insult of an antibiotic in a manner that is apparent in a biofilm but not in more conventional growth settings, including those employed in our susceptibility tests with Etest strips. Resolution of these issues will require further investigation, including the analysis of additional mutants. The more important point in the context of this report is that, irrespective of the mechanism involved, mutation of sarA increases antibiotic susceptibility in the specific context of an established biofilm.
The second important conclusion from our results is that daptomycin is a more effective antibiotic than either linezolid or vancomycin in the context of an established S. aureus biofilm. We base this conclusion on the observation that the greatest likelihood of clearing a biofilm, whether it was formed by UAMS-1 or its sarA mutant, was when the biofilm was exposed to daptomycin. This was evident when the analysis was done independently of the antibiotic concentration or the time of on November 10, 2017 by guest http://aac.asm.org/ exposure and when it was done by taking both of these factors into account. More directly, analysis of the results obtained with both UAMS-1 and its sarA mutant demonstrated that daptomycin is more effective than either linezolid or vancomycin both at lower concentrations and at earlier time points, both of which are important clinical considerations. Our decision to test each antibiotic at concentrations corresponding to 5ϫ, 10ϫ, and 20ϫ the breakpoint MIC defined for a susceptible strain of S. aureus rather than the specific MIC for the strains under study is also relevant in this regard. This decision was based on two considerations. The first was the findings of preliminary experiments that demonstrated that concentrations less than 5ϫ had little effect in the context of an established biofilm (data not shown). This confirms the inherent recalcitrance of biofilm-associated bacteria to antimicrobial therapy, even in the absence of issues related to a reduced capacity to deliver antibiotics to the site of infection. The second was that use of the breakpoint MIC rather than the specific MIC for the targeted strains makes it more likely that our results will be applicable to S. aureus strains other than UAMS-1. However, equivalent amounts based on the breakpoint MIC do not necessarily translate to equivalent amounts based on the actual MIC, and in the context of relative antibiotic efficacy, the latter may well be more important than the former. Specifically, because daptomycin has the lowest breakpoint MIC (Յ1.0 g/ml) and linezolid has the highest (Յ4.0 g/ml), the lowest absolute concentrations of any antibiotic employed in these experiments were those employed with daptomycin (5.0, 10.0, and 20.0 g/ml at 5ϫ, 10ϫ, and 20ϫ concentrations, respectively), with those employed for linezolid being the highest (20.0, 40.0, and 80.0 g/ml at 5ϫ, 10ϫ, and 20ϫ concentrations, respectively). The breakpoint MIC for vancomycin (Յ2.0 g/ml) is twice that for daptomycin (Յ1.0 g/ml), and the absolute concentrations of vancomycin used here were adjusted accordingly. However, the vancomycin MIC of UAMS-1 and its sarA mutant (1.5 g/ml) was also twice as high as the daptomycin MIC (0.75 g/ml). Thus, the amounts of daptomycin and vancomycin were equivalent with respect to the specific strains targeted in these experiments (6.67ϫ, 13.3ϫ, and 26.6ϫ at 5ϫ, 10ϫ, and 20ϫ concentrations, respectively, on the basis of the actual MICs for UAMS-1 and its sarA mutant). At the same time, the breakpoint MIC for linezolid is considerably higher (Յ4.0 g/ml) than the actual MIC for UAMS-1 or its sarA mutant (1.0 g/ml), which means that the concentration of linezolid relative to the specific strains targeted in these experiments was considerably higher (20ϫ, 40ϫ, and 80ϫ at 5ϫ, 10ϫ, and 20ϫ concentrations, respectively) than that employed for daptomycin or vancomycin. Taking all of these considerations into account, we conclude that daptomycin is in fact more effective in clearing an established S. aureus biofilm than either vancomycin or linezolid. Although few studies have made a direct examination of this issue, our results are consistent with the fact that membrane-active agents like daptomycin are more active against slowly or even nongrowing bacteria like those characteristically observed within a biofilm (22) . They are also consistent with the findings described in the reports of a few other studies that used alternative biofilm models to make similar comparisons (19, 26) .
Finally, it is important to emphasize that, even with daptomycin, the clearance of bacteria from catheter-associated biofilms required concentrations significantly higher than the CSLI-defined breakpoint MIC. In the case of daptomycin, the concentrations employed in our experiments (5.0, 10,0 and 20.0 g/ml) roughly reflect the concentration range observed in human plasma, with the lower value being comparable to the concentrations observed in patients receiving once-daily dosing with 4 mg/kg of body weight daptomycin (6.37 g/ml) and the higher value reflecting the plasma concentrations observed in patients receiving 8 mg/kg (15.3 g/ml) (11) . Although the highest concentrations of vancomycin and linezolid used in our experiments (40 and 80 g/ml, respectively) exceed the levels typically observed in the plasma of patients undergoing systemic therapy (38, 39) , the same is generally true for both of these antibiotics. This suggests that the impact of mutating sarA on antibiotic efficacy, which was apparent to various degrees with all three antibiotics at all concentrations tested in our experiments, would in fact be therapeutically relevant. On the basis of this finding, we believe that inhibitors of sarAmediated regulation, whether they are directed at transcription of the gene itself, the functional activity of SarA, or those downstream targets in the sarA regulon that are most relevant in the specific context of biofilm formation, would have the capacity to enhance the efficacy of antimicrobial therapy in the important context of an S. aureus biofilm-associated infection.
